Freeze fracture images highlight important morphoprotein from other intrinsic membrane proteins in tight logical features of myelin-parallel arrays of membranejunctions. These novel results provide direct evidence embedded particles that run the internodal length and of the pivotal role of the claudin family in generating radial thickness of the sheath (Schnapp and Mugnaini, the paracellular physical barrier of tight junctions nec-1978)-and high resolution electron microscopy shows essary for spermatogenesis and normal CNS function. that these macromolecular arrays exhibit characteristics of tight junctions. Speculation about the functions of these junctions ranges from sequestering myelin antiIntroduction gens away from immune surveillance (Mugnaini and Evolutionary adaptation to a multicellular state provided Schnapp, 1974) to coupling adjacent myelin lamellae organisms with enormous opportunities but also posed for increased mechanical strength (Tabira et al., 1978). considerable challenges, including the regulation of solParallel-array tight junctions are also observed on lateral ute exchange between internal compartments and the processes of Sertoli cells in proximity to the basement environment. For most phyla this challenge has been membrane of seminiferous tubules and constitute the overcome using a paracellular diffusion barrier, the tight blood-testis barrier. These junctions are among the junction or zonula occludens, to flank the lateral edges least permeable paracellular diffusion barriers known, of epithelial cells at the organism/environment interface the major functions of which are to shield differentiating (Staehelin, 1974). Mammalian cells utilize a host of cytospermatocytes against immune surveillance through the solic proteins to form the plaque region of tight junctions formation of an immunologically privileged adluminal at the plasma membrane, and this macromolecular compartment, and to exclude blood-derived compostructure interacts with the cytoskeleton and recruits nents from this adluminal space that might otherwise disrupt spermatogenesis (Griswold, 1995).
longer tenable . Accordingly, attenthe basis of these data we conclude that OSP is critical for establishing the permeability barrier function of partion has focused on the participation of other novel tight junction proteins to subserve this function such as the allel-array tight junctions, and for the formation of the intramembranous particle strands observed in freeze claudin family of intrinsic membrane proteins, which have broad, overlapping expression patterns and as yet fracture preparations, but is not required for the formation of the plaque component of tight junctions in Sertoli undefined functions (Fanning et al., 1999; Swisshelm et al., 1999; Tsukita and Furuse, 1999). In the current study cells. we investigate the function of one of these novel proteins, called OSP, by ablating its expression through Results homologous recombination in embryonic stem cells. We show that OSP is normally localized in the brain and In a differential screen for novel oligodendrocyte-specific genes, Bronstein et al. (1996) identified a cDNA testis of adult mice to subcellular compartments where tight junctions are known to exist but is not found in encoding the 218 amino acid protein OSP that constitutes 7% of the total protein in purified myelin (Bronstein many other types of tight junctions. Together with studies from others (Morita et al., 1999b) , our data indicate et al., 1997). that OSP is a component of specialized tight junctions. In the absence of OSP, we show that the intramembra-OSP Is Localized to a Channel in CNS Myelin Sheaths nous particles comprising parallel-array tight junction strands in compact myelin and between Sertoli cells are Confocal z series data sets of mouse and rat white matter tracts in different brain regions show that OSP missing and that the consequences of this pathology include pronounced neurological and reproductive abis specifically localized in myelin sheaths to a channel that arises in the paranodal region and courses along normalities. Finally, OSP is not required for appropriate targeting of the cytosolic ZO-1 protein to tight junction the length of the internode in a gentle spiral to end at the opposite paranode (data not shown). In larger zonules in Sertoli cells which are functional in the sense that the integral membrane protein, occludin, is rediameter myelin sheaths from monkey CNS, OSP localization is more complex ( Figure 1A) . Viewed along the cruited to these macromolecular complexes. Thus, on axis of the axon at the node of Ranvier, OSP staining cells. Two overlapping lambda clones ( Figure 2A) show that 3 coding exons comprise the Osp gene. A 7.5 kb in the paranodal region appears as an annulus through genomic fragment flanking exon 1 was used to generate which the axon passes ( Figure 1A a ) . Rotating this data a targeting construct for homologous recombination in set through 90Њ reveals that OSP staining is symmetric ES cells, which yielded a single recombinant clone from about nodes of Ranvier (arrowheads in Figures 1A b and 250 G418-resistant colonies. When used as a probe, the 1A c ) and that these paranodal channels appear to spiral neomycin coding region hybridized to a predicted 6.5 around the axon. Away from the paranode, OSP-stained kb recombinant band on Southern blots, indicating that spiraling channels arise along the axon at regular interrandom inserts of the knockout construct are not presvals (asterisk in Figure 1A angle to the axis of the axon. At higher magnification
Although not the only cell type to form occluding junctions in the testis, Sertoli cell junctions are unique in (inset in Figure 3A ), the composition of these strands is evident as linear arrays of intramembranous particles, that they exhibit a parallel organization that is similar to those of CNS myelin. This organization is evident in some of which can be labeled with anti-OSP antibodies (Morita et al., 1999b) . In contrast, the fracture surfaces replicas from wild-type testis (arrowheads in Figure 3E ). However, Sertoli cell tight junction strands are not obof myelin sheaths from knockout mice in optic nerve ( Figure 3B ) and spinal cord ( Figures 3C and 3D ) are served in replicas from four knockout mice ( Figure 3F ), which provides conclusive evidence that tight junctions devoid of tight junction strands; no intramembranous particle strands were observed in duplicate replicas of in CNS myelin and Sertoli cells share common protein components. This is a significant finding because the both CNS regions from four knockout mice. commonality of parallel tight junctions in different cell that are not observed in wild-type tissue. The arrowheads in Figure 3F flank the ridges of these ripples to types has not been widely appreciated. Despite the absence of Sertoli junctions, morphologically normal highlight their parallel organization and uniform spacing, which is reminiscent of the Sertoli cell junctions (arrowanastomosing tight junctions are seen in knockout testis and are generated between endothelial cells. These cells heads in Figure 3E ). Currently, we do not understand the cause of these ripples, and we are investigating are distinguished from Sertoli cells by the presence of caveolae in the vicinity of the intramembranous strands further to determine if they reflect imprints on the membrane from subjacent cytoplasmic structures such as and from germline cells that do not form tight junctions. Thus, these data demonstrate that only a subset of spethe cytoplasmic plaque, the cytoskeleton, or the cisternae of the endoplasmic reticulum. Occasional particles cialized tight junctions have been disrupted in the knockout mice.
overlie the ridges and may represent membrane proteins, such as occludin, that have been recruited to A provocative feature of the membranes in knockout testis is the presence of ripples in the fracture surface these presumptive plaque regions; previous studies blotting of whole brain homogenates and purified myelin membrane using antibodies against several major myelin proteins: CNPase, MAG, PLP, MBP, and MOG. Persistent hindlimb weakness is readily apparent in the Osp null mice ( Figure 4A ). Wild-type and heterozygous mice placed on a horizontal steel rod maintain balance using their front and back paws (arrow) to grip the rod. However, littermate knockout mice are unable to grasp the rod with their hind paws (arrowhead) and appear to maintain balance using their forepaws and thighs. Abnormalities are also apparent in knockouts walking on a smooth surface. Although hindlimb weakness is often associated with spinal cord pathology, we found no evidence of neuronal loss or axonal degeneration in semithin plastic sections from 2-month-old knockout mice in L4/L5 spinal roots, the spinal cord segments from which these roots emerge, or in sciatic nerves. Furthermore, myelin thickness in dorsal and ventral white matter tracts of the spinal cord is appropriate for large and small diameter axons and is compacted with a periodicity (8.4 Ϯ 0.5 nm) indistinguishable from that of wild-type (8.6 Ϯ 0.5 nm) littermates. 
, 1999). An exception is paraceltion intramembranous particle strands between Sertoli lin-1, which is expressed only in kidney and is implicated cells, a likely cause of testis pathology in the knockout in magnesium resorption (Simon et al., 1999).
Osp is mice is disruption of the blood-testis barrier, which inrobustly expressed in brain and testis where OSP is terrupts the differentiation of early spermatocytes and localized to tight junctions in myelin sheaths and Sertoli leads to cell sloughing and death. Indeed, 1 m plastic cells, and is expressed at low levels elsewhere. Howsections of testis reveal degenerating cells of unknown ever, apart from these data, little is known about the identity within, and in proximity to, most cell aggregates functions of claudin family members. In particular, do (data not shown). The nuclei of these cells are very large, claudins participate directly in establishing and/or maincontain highly condensed chromatin that is reminiscent taining the paracellular diffusion barrier and if so, how? of primary spermatocytes, and exhibit clear or vacuolar Also, do they facilitate the formation of the cytoplasmic cytoplasm suggesting cell lysis. This pathology is still plaque underlying tight junctions? To address these conspicuous in testes from 10-month-old male knockquestions, we generated Osp null mice and we show in outs, although drastic reductions in cell numbers are freeze fracture replicas of optic nerve and testis from apparent, and is accompanied by marked proliferation these animals that intramembranous particles compris- , 1995; Scherer et al., 1995) . We have been cells in the stria vascularis are also missing (A. G. and unable to label peripheral nervous system myelin tight B. K., unpublished observations). Considering these data junctions with antibodies against OSP, and we do not together, we find a strong correlation between the exdetect the expression of ␤-galactosidase in trigeminal or pression of OSP in five locations and the presence of sciatic nerves of knockout mice; therefore, we presume parallel-array tight junctions. Although parallel-array that another member of the claudin family is present tight junctions have previously been demonstrated in in these structures. Thus, OSP is a novel marker for these regions (Schnapp and Mugnaini, 1978) , their comintramyelinic tight junctions in the CNS. It is of great mon protein composition has not been appreciated. interest to us that we are unable to detect either ZO-1 or Thus, the current study provides molecular evidence occludin in CNS myelin by immunocytochemistry (A. G.
that such a commonality exists and we suggest that unpublished observations); in this regard OSP will be a OSP is unique among claudin family members in forming valuable marker for the future identification and characthe parallel organization of strands in a subset of tight terization of novel proteins that presumably exist in cytojunctions. Whether OSP confers such an organization plasmic plaques and serve to recruit OSP to form the through its physical properties, or is merely recruited to intramembranous strands. these specialized junctional complexes, warrants furSeveral groups have hypothesized that intramyelinic ther investigation and will yield new insights into the tight junctions may serve to provide mechanical strength establishment and maintenance of the cytoplasmic (Tabira et al., 1978) or to sequester encephalitogenic plaques underlying tight junctions. antigens from immune surveillance (Mugnaini and Schnapp, 1974) . In Osp null mice we find no evidence (Laemmli, 1970) 
